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ABSTRACT

Magnetic materials could realize the intriguing quantum anomalous Hall effect and metal-to-insulator transition when combined
with band topology or electronic correlation, which have broad prospects in quantum information, spintronics, and valleytronics.
Here, we propose the approach of designing novel two-dimensional (2D) magnetic states via d-orbital-based superatomic
lattices. Specifically, we chose triangular zirconium dichloride disks as superatoms to construct the honeycomb superatomic
lattices. Using first-principles calculations, we identified a series of 2D magnetic states with varying sizes of superatoms. We
found the non-uniform stoichiometries and geometric effect of superatomic lattice give rise to spin-polarized charges arranged in
different magnetic configurations, containing ferromagnetic coloring triangles, antiferromagnetic honeycomb, and ferromagnetic
kagome lattices. Attractively, these magnetic states are endowed with nontrivial band topology or strong correlation, forming an
ideal Chern insulator or antiferromagnetic Dirac Mott insulator. Our work not only reveals the potential of d-orbital-based
superatoms for generating unusual magnetic configurations, but also supplies a new avenue for material engineering at the

nanoscale.
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1 Introduction

Magnetic and topological quantum states have attracted extensive
research interests in condensed matter physics and material
science [1-4]. Recent studies of layered materials uncovered a
wide spectrum of long-range magnetic orders, including intralayer
ferromagnetic (FM) Crl; [5] and Fe;GeTe, [6], interlayer
antiferromagnetic (AFM) FeCly/FeBr, [7], etc. These two-
dimensional (2D) magnetic layers offered great chances for device
functionalities, e.g., electrical control of magnetic states [8]. In
addition, topological states were originally proposed in
nonmagnetic systems [9, 10]. The bulk band topology gives rise to
exotic phenomena, such as robust bulk-boundary correspondence
and nondissipative transport properties in topological insulators
(TIs) and topological semimetals [11-16]. The combination of
magnetism and topology is known as a magnetic topological state,
and magnetism offers more freedom to manipulate topological
states [17-22]. But it also creates challenges for both theoretical
prediction and experimental characterization of magnetic
topological materials due to much more complicated electronic
interactions than nonmagnetic materials [23]. The breakthrough
of magnetic TI happened in 2019, during which the AFM TI and
axion insulator states were predicted and observed in the
MnBi,Te, family [21, 24]. After that, the high-throughput method
was used to screen out magnetic topological materials [17, 19].
Various topological quantum effects have been discovered in

experiments. Examples include the quantum anomalous Hall
effect (QAHE) observed in thin films of chromium-doped (Bi,
Sb),Te; [25] and intrinsic magnetic TI MnBi,Te, [26], and giant
anomalous Nernst effect caused by Berry curvature in FM
semimetal Co,MnGa [27].

On the other hand, the magnetic systems are favorable for
strong electronic correlations except for band topology. A well-
known example is the AFM kagome lattice, which may host both
frustrated magnetic order and nontrivial topology [28,29]. A
recent study has shown that electron correlation can drive 1T-TaS,
into the kagome Mott insulator described by Kagome-Hubbard
models [30]. For graphene-like honeycomb lattice, the interaction-
driven Dirac Mott insulator is appealing to the researchers of 2D
materials because of the AFM-induced (semi)metal-to-insulator
transition [31, 32]. Specifically, the Dirac Mott insulator displays a
semimetallic phase with the Dirac cone at the Fermi level in its
nonmagnetic configuration, and it appears as an insulating phase
in the AFM ground state. Monte Carlo simulations have shown
the phase diagram for the Hubbard model on the honeycomb
lattice that the system first enters into the disordered spin liquid
state when 3.5 < U/t < 4.3, then ends into an AFM Mott insulator
when U/t > 4.3 [32]. Here, U is the on-site Coulomb repulsion
between two electrons with the opposite spins and t is the nearest-
neighbor inter-site coupling between two electrons with the same
spin. Based on this criterion, several Dirac Mott insulators are
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proposed in carbon-based systems [33,34]. Without exception,
these Dirac Mott insulators possess a honeycomb superatomic
lattice, in which the superatoms are carbon-skeleton flakes.
Recently, some transition-metal-based superatomic lattices have
also been synthesized in experiment [35]. It is worth mentioning
that the circular dichroism Hall effect of Dirac Mott insulator was
proposed, where the Hall effect can be activated at both K and K'
valleys, and the direction of transversal Hall current can be
controlled by circularly polarized light [34]. To date, the reported
Dirac Mott insulators have been very limited, and more Dirac
Mott insulators need to be designed for exotic valleytronic effects
like the circular dichroism Hall effect.

Here, based on first-principles calculations, we designed and
discovered both the Chern insulator and AFM Dirac Mott
insulator in different sized 2D superatomic lattices of zirconium
dichloride (ZrCl,). The superlattices are named as SLN, where N is
the number of rows of Zr atoms. It is worth noting that single
crystal ZrCl, has been synthesized by mixing ZrCl and ZrCl,
powders and substantially heating [36]. In the designed structures,
the triangular ZrCl, disks act as superatoms of the honeycomb
lattice. The stoichiometric ratio at the edges (ZrCly) is different
from that of the disk centers (ZrCl,), resulting in the non-uniform
spatial distributions of spin charges. The spin charges form various
equivalent magnetic lattices in different sized superatomic lattices,
containing FM coloring triangle (CT) [37], AFM honeycomb, and
FM kagome lattice. The non-zero Chern numbers of C = 1
demonstrate that FM CT and FM kagome lattices are Chern
insulators. The AFM honeycomb lattice satisfies the criterion of
U/t = 10.6 > 4.3, indicating a Mott insulator. In summary, diverse
topological and correlated magnetic states have been designed via
the d-orbital-based 2D honeycomb superatomic lattice with
different sizes. This work provides a new pathway for designing
novel magnetic materials.

2 Methods

Density functional theory (DFT) calculations were implemented
in the Vienna ab initio simulation package (VASP) [38, 39] using
the projector-augmented wave (PAW) method combined with the
Perdew-Burke-Ernzerhof (PBE) [40] functional. The in-plane
lattice constants of SL2, SL3, and SL4 were 12.31, 20.19, and
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26.93 A, respectively. The vacuum layers for all unit cells were
larger than 20 A. The atoms were fully relaxed until the force on
each atom was less than 0.01 eV-A", The plane-wave basis was set
to an energy cutoff of 500 eV. The Brillouin zone was sampled by
Gamma-centered k-meshs [41] of (6 x 6 x 1) for SL2, (5 x 5 x 1)
for SL3, and (4 x 4 x 1) for SL4, respectively. For SL2, we
constructed maximally localized Wannier functions using d
orbitals of Zr atoms via Wannier90 code [42]. The edge spectrum
was calculated by the iterative Green’s function technique [43], as
implemented in the WannierTools package [44].

To verify the dynamical stability of SLs, phonon dispersion
calculations were performed by using the density functional
perturbation theory [45, 46], as implemented in the Phonopy code
[47] that interfaced with VASP. Considering the large sizes of the
unit cells of SLs (12.3, 20.2, and 269 A), we applied the 2 x 2
supercells for SL2/SL3 and a 1 x 1 unit cell for SI4 to keep a
balance between computational efficiency and accuracy. The
convergence criterion for energy was 10° eV. The ab initio
molecular dynamics (AIMD) simulations were carried out using a
canonical (NVT) ensemble [48]. The time interval for each AIMD
step was 2 fs. The formation energies in the convex hull diagram
were calculated under the magnetic ground states of Zr,,Cl,,.

3 Results and discussion

As shown in Fig.1(a), we designed a series of honeycomb
superatomic lattices, where each superatom (marked by a black
dotted circle) was a triangular disk of ZrCl, (backgrounded by
light blue) whose edges could be considered as ZrCl; in
stoichiometry (backgrounded by light yellow). The blue and green
balls denote Zr and Cl atoms, respectively. Monolayer ZrCl, with
space group Pém2 (No. 187) is nonmagnetic [49,50] (see Fig.
1(b)), while monolayer ZrCl; with space group P62m (No. 189) is
FM [51] (see Fig. 1(c)). Both of them possess a sandwich-like
structure with Cl atoms on the top and bottom surfaces and Zr
atoms in the middle. Figure 1(a) shows the unit cell for ZrCl,
superatomic lattice. The size of the superatomic lattice is denoted
by N, ie, the number of rows of Zr atoms in a superatom,
outlined by red dashed lines. For example, N is equal to three in
Fig. 1(a). Here, we focus on the superatomic lattices SL2, SL3, and
SL4. When N is equal to one, the superatomic lattice degenerates
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Figure1 Atomic structures and different superatomic spin-polarized lattices formed by ZrCl, disks. (a) Superatomic lattice with ZrCl, composition in the center
(marked by light blue) and ZrCl; composition at the edge (marked by light yellow). The blue and green balls are Zr and Cl atoms, respectively. N is the number of rows
of Zr atoms in a superatom. The top and side views for (b) monolayer ZrCl, and (c) monolayer ZrCl,, respectively. (d) Schematic diagrams of S-FM and S-AFM. The
red and blue arrows denote superatomic spin-up and spin-down. Equivalent superatomic spin lattices, such as () CT, (f) honeycomb, and (g) kagome lattices.
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into monolayer ZrCly. It is noted that the non-uniform
stoichiometries between the centers and edges of the superatoms
naturally result in the internal distributions of spin-polarized
charges. Each ZrCl, superatom as a whole hosts a magnetic
moment of 1 . As shown in Fig. 1(d), the superatom can arrange
in superatomic FM (S-FM) or AFM (S-AFM) configurations,
where the red and blue arrows denote the superatomic spin-up
and spin-down. Our work shows that superatomic lattices possess
different magnetic ground states. It is S-FM for SL2 and SL4, but S-
AFM for SL3. One significant difference between superatomic
spin and atomic spin is that the former has internal spin charge
distributions according to the geometric effect, thus the equivalent
magnetic configurations go beyond honeycomb lattice. The
geometric effect means that Zr atoms at the centers and edges are
different, thus the spin polarized charges are prone to gather at
either the centers or linkages of two superatoms. It is interesting
that we found three types of superatomic spin-rearranged lattices,
containing CT, honeycomb, and kagome lattices (see Figs.
1(e)-1(g)). Different sized ZrCl, superatomic lattices possess
different magnetic configurations and equivalent spin-polarized
lattices. We will discuss the details in the sections below.

First, we focused on the smallest ZrCl, superatomic lattice,
namely SL2. Figure 2(a) shows the distortion process from a
kagome lattice to a CT lattice, which occurs in SL2. Figure 2(b)
shows the top and side views of the atomic structure of SL2, whose
chemical formula is ZrCl,g and the space group is P62m (No.
189). Notice the spin-polarized charges mainly centered at the
linkages of superatoms forming a distorted kagome lattice, i.e., a
CT alike lattice marked by black dashed lines. Figure 2(c)
illustrates that the distorted structure is the energetically favorable
ground state. The distorted structures of SL2 exist under a wide
range of biaxial strains. Such distortion of SL2 resembles the
structure of monolayer ZrCl; in Fig. 1(c), because the superatoms
are small and their linkages are flexible. Our calculations reveal the
FM state is the ground state, lower than the nonmagnetic (NM)
state by 125.69 meV per unit cell. The FM band structure of SL2 is
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shown in Fig.2(d). One can clearly see the typical three-band
characteristics from CT lattice, i.e., kagome-like bands in one spin
channel [37]. In particular, the bands split into two groups of three
bands with opposite spins due to the superatomic magnetic
exchange. The orange solid and blue dashed lines denote the spin-
up and spin-down electronic bands, respectively. The spin-up
three bands are composed of two Dirac bands and one topological
flat band. The Dirac cone appears exactly at the Fermi level, with
the lower two bands filled. Therefore, the total magnetic moment
in one unit cell is 2 yp. It means each superatom contributes a
magnetic moment of 1 yp, and the FM state is actually an S-FM.
The FM band structure of SL2, including spin-orbit coupling
(SOCQ), is also shown in the right inset of Fig. 2(d). A band gap of
3.4 meV opens at the Dirac point due to the SOC effect from Zr
atoms, indicating the nature of intrinsic magnetic TI states. Figure
2(e) shows the spin-resolved projected density of states (PDOS) of
SL2, where the electronic states around the Fermi level are
dominated by d.., dx)n and d.. . orbitals of Zr atoms. The PDOS
of d,, and d. . orbitals are degenerate, thus we used line and
filled pattern to distinguish them. Moreover, we have calculated
the Chern number (C) of SL2 in the S-FM state using Kubo
formula [52], in which we obtained C = 1. In Fig. 2(f), the semi-
infinite zigzag edge spectrum of SL2 shows that there is one chiral
topological edge state which connects the valance band at K valley
with the conduction band at K' valley, manifesting that SL2 is
indeed a Chern insulator with C = 1. The chiral edge state means
that SL2 is promising for superatomic quantum anomalous Hall
devices with nondissipative transport.

Next, we investigated SL3, whose atomic structure is shown in
Fig. 3(a). The chemical formula for SL3 is Zr,Cly, with space
group P6/mmm (No. 191). We calculated the total energy of SL3
under NM, EM, and AFM states. The AFM state is the ground
state, whose energy is lower than that of the FM and NM states by
52 and 76.1 meV per unit cell, respectively. The spin charge
density differences (pt — p|) mainly distribute on the Zr atoms in
the center of each superatom. The spin charge centers are
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Figure2 Atomic and electronic structures of SL2. (a) Schematic diagram of the distortion process from a kagome lattice to a CT lattice. (b) Atomic structure of
distorted SL2 (formula Zr,Cl,g) with spin charge density differences (p — p|) forming into an FM CT alike lattice. The superatom is marked by black dashed lines. The
unit cell is marked by gray rhombus. The lattice constant a, is 12.31 A. The isosurfaces of spin-up Apfand spin-down Ap| are marked by yellow and cyan,
respectively. The isosurface level is chosen as 0.004 e-bohr™. The red semitransparent ellipse marks the spin-polarized charge centered at the linkage of two superatoms.
(c) The relative total energies of SL2 under biaxial strains. The structures with and without distortion are marked by light blue and green backgrounds, respectively. The
ground state (marked by red dot) is a distorted structure, as shown in the inset and (b). The blue dot denotes the relative total energy of SL2 under a tensile strain of
10%, which has no distortion. (d) Band structure of distorted SL2 in FM configuration. The orange solid and blue dashed lines denote the spin-up and spin-down
bands, respectively. The insets show zoom-in band structures around the K point, without and with the SOC effect. (¢) PDOS of Zr atoms projected on different d
orbitals. (f) Semi-infinite zigzag edge spectrum of distorted SL2. The insets show there is one chiral edge state, indicating Chern number C=1.
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patterned into an AFM honeycomb lattice, as marked by black
dashed lines in Fig. 3(a). Considering SL2 is a distorted structure,
it is necessary to check if SL3 is distorted. The relative total
energies for optimized structures under different biaxial strains
were calculated and plotted in Fig. 3(b). The ground state
highlighted by a red dot has no distortion, indicating the linkages
of superatoms are rigid enough to avoid structure distortion. For
comparison, the structural distortion appears when applying
compressive biaxial strains. Figures 3(c)-3(e) show band
structures of SL3 in NM, FM, and AFM states, respectively. For
the NM configuration, the band structure shows the typical Dirac-
band characteristics of a honeycomb lattice, whose Dirac cone
locates at the K-point and at the Fermi level. For the FM
configuration, the Dirac bands split into two groups with opposite
spins due to the superatomic magnetic exchange. The spin-up
Dirac bands are filled, indicating a total magnetic moment of 2 yg.
In the AFM configuration, an energy gap of 0.25 eV (E, in Fig.
3(e)) opens because of the inversion symmetry breaking by long-
range AFM order, which signifies a correlation-induced Dirac
Mott insulating state [31].

To better understand such a Dirac Mott insulator state, we
examined the phase diagram of correlated fermions in the
graphene-like honeycomb lattice, as demonstrated in Ref. [32].
The magnetic ground state was determined by the U/t ratio of a
standard Hubbard model, in which U denotes the on-site
Coulomb repulsion between two electrons with the opposite spins,
and ¢ denotes the nearest-neighbor inter-site coupling between
two electrons with the same spin. In the honeycomb lattice, AFM
Mott insulating state is the ground state when U/t > 4.3. For SL3,
we estimated U and f based on the method applied in Ref. [53].
Specifically, the electronic hopping strength ¢ can be obtained
from the NM state that W = 6t, where W is the bandwidth of
Dirac bands. The strength of U corresponds to magnetic exchange
caused by band splitting, which can be inferred from energy
differences between the spin-up and spin-down bands at the K-

Nano Res. 2023, 16(12): 13509-13515

point in the FM state. Here for the NM and FM states of SL3 in
Figs. 3(c) and 3(d), we obtained W = 0.17 eV and U = 0.30 eV.
The ratio of U/t = 10.6 confirms that the AFM Dirac Mott
insulator state in Fig. 3(e) is caused by correlation-driven metal-to-
insulator transition. Besides, we discovered that each superatom of
SL3 carries exactly a spin-up or -down charge in the AFM state
(see Fig.3(a)), indicating an ideal S-AFM state. To distinguish
from previous studies using carbon-based structures [33, 34], we
highlight that SL3 extends the understanding of AFM Dirac
insulators into d-orbital-based materials. As proposed in Ref. [34],
SL3 is also promising for generating circular dichroism Hall effect
and applying for valleytronic nanodevices.

In addition, we considered the larger superatomic lattice SL4,
whose atomic structure is shown in Fig.4(a). The chemical
formula for SL4 is ZryCly, sharing the same space group
P6/mmm (No. 191) with SL3. We found that the ground state of
SL4 is FM, which is more energetically stable than the NM state by
101.84 meV. Its spin charge densities mainly distribute on the Zr
atoms near the vertexes of the triangular superatoms. The spin
charge centers are patterned into an FM kagome lattice. Similar to
SL2, SI4 is arranged in an S-FM state, whose superatoms
individually carry a magnetic moment of 1 yg, while there is no
structural distortion in SL4. Figure 4(b) shows the band structure
for SL4 in the FM ground state. As expected, the typical three
bands of kagome lattice appear. Akin to SL2 in Fig. 2(d), the bands
are filled at the Dirac cone of the spin-up channel. The
bandwidths of the three bands in SL2 and SL4 are 0.82 and
0.11 eV, respectively. The bandwidth decreases with the increase
of superatom size, indicating that effective electronic coupling
weakens with the increase of inter-superatomic distance. The
decreased band dispersion is also consistent with the gradually
increasing electron localization. It is obvious in Fig. 4(a) that the
spin-polarized charges are inclined to locate at the linkages of
superatoms. In addition, we calculated the Chern number of SL4.
The obtained C =1 indicates SL4 is a Chern insulator.
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Figure3 Atomic and electronic structures of SL3. (a) Atomic structure of SL3 (formula Zr,,Cl,,) with spin charge density differences (p7 — p|) forming into an AFM
honeycomb lattice, as marked by black dashed lines. The red semitransparent circle marks the spin charges around a charge center. The isosurfaces of spin-up Ap? and
spin-down Ap| charge density are marked by yellow and cyan, respectively. The isosurface level is chosen as 0.002 ebohr >, The lattice constant a; is 20.19 A. (b) The
relative total energies of SL3 under different biaxial strains, compared with the ground state. The structures with and without distortion are marked by blue and green
backgrounds, respectively. The structures of the ground state (marked by a red dot) and the state with a strain of —2% (marked by a blue dot) are shown in the insets.
Band structures of SL3 in (c) NM, (d) FM, and (e) AFM configurations, respectively. In (d) and (e), the orange solid and blue dashed lines denote the spin-up and spin-

down bands, respectively.

1% £ % it

Tsinghua University Press

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2023, 16(12): 13509-13515

(@) SL4, ZryCls, 2»'“

(No. 191)  ip® % . Cl
P ¢

13513

FM
0.10

0.05 ‘ /

S //
)
> 0.00} <
S I
c / \
W _0.05

0.10

BHGE DOV OOOBHGR DO T K M r
Figure4 Atomic and electronic structure of SL4. (a) Atomic structure of SL4 (formula Zr,,Cls,) with spin charge density differences (p1 — p|) distribution. The

isosurface level is chosen as 0.001 e-bohr. The red semitransparent ellipse marks the region around a charge center. The charge centers form into an FM kagome
lattice, as marked by black dashed lines. The lattice constant of SL4 (a,) is 26.93 A. (b) Band structure of SL4 in the EM ground state. The orange solid lines denote the

spin-up bands.

To further confirm the structural stability, we carried out first-
principles calculations of the phonon spectra and AIMD
simulations, and constructed a convex hull diagram for these SLs,
ie, SL2, SL3, and SL4. The calculated results are summarized in
Figs. S1-S3 in the Electronic Supplementary Material (ESM).
Figure S1 in the ESM shows the phonon dispersions of SL2, SL3,
and SL4. Very tiny imaginary frequencies (< 0.1 THz) are
observed in the phonon spectra due to the limited sizes of
supercells that may ignore some of the long-range force constants,
indicating these SLs are dynamically stable. Figure S2 in the ESM
shows the AIMD results of SLs at 300 K for 10 ps. The slight
fluctuations of the free energy and atomic structure confirm the
good thermodynamic stability of these SLs. From the
Computational 2D Materials Database (C2DB), we found several
Zr, Cl, compounds, some of them have been reported, such as
ZrCl [54], ZrCl, (bulk fabricated in Ref. [36]), and inversion-
breaking ZrCly(II) [51]. We combined these structures from
C2DB with our predicted SLs to obtain the convex hull diagram,
as shown in Fig.S3 in the ESM. Notice SL2 (Zr,Clyg 1:3
stoichiometric ratio) is 0.075 eV/Zr lower than ZrCly(I) and
0.368 eV/Zr lower than ZrCly(II). Thereby, ZrCl, and SL2 are
chosen as the two ends of the convex hull with zero formation
energy in Fig. S3 in the ESM. Besides, SL3 and SL4 are on the
convex hull because they have negative formation energies and
there are no other compounds with the same stoichiometric ratio
reported in the literature. Given the above aspects, we now
conclude that SL2, SL3, and SL4 are structurally stable in the 2D
geometries and deserve experimental attention for further
applications.

Last but most important, understanding the underlying
mechanism of different superatomic magnetic orders is essential
for future studies of superatomic magnetism. In Fig.5, we
illustrate the magnetic ground states using the simple superatom
dimer. A similar physical picture can be extended into
superatomic lattices if the coupling between different cells is
further considered. First, one should notice that the superatom has
an internal structure that its atoms are in different chemical
environments. As shown in Fig. 5(a), there are three types of Zr
atoms in our studied superatoms, ie., d' and d** Zr atoms at
boundaries, and d* Zr atoms in bulk. Figure 5(b) shows the crystal
field splitting of different local Zr atoms, which also explains that
the electronic states near the Fermi level of SL2, SL3, and SL4 are
mainly composed of d. and nearly degenerate d,, andd,. .
orbitals. Second, we discussed two key factors in forming
superatomic magnetism: One is the integer superatomic spin
formed by the hybridization of d orbitals of local Zr atoms, and
the other is the magnetic ground state from competition between

effective inter-superatom hopping ¢, and on-site repulsion U. For
N =2 superatom, the spin state of 1 y3 for each superatom is from
the energy level splitting, shown in gray boxes of Fig. 5(c). Given f,
between S1 and S2 is strong, which eventually forms the
superatomic FM state (¢, > U), as illustrated in Fig. 5(c). For larger
N=3and N = 4 superatoms, the superatomic spin of S1 (S2) from
energy level splitting is much more complicated. From Haldane’s
conjecture [55] and our calculations in Figs. 3 and 4, we find each
N = 3 or N = 4 superatom still carries an integer magnetic
moment of 1 yp. For N = 3 superatom, Fig. 5(d) shows that the
charge center locates in the middle part (see Fig.3(a)). Such
charge center distribution comes from the moderate size of N = 3
superatom that the charge density prefers to gather at d'* Zr
atoms. Therefore, t, is weak due to the long distance between
different charge centers, leading to an AFM coupling (¢, < U) in
Fig. 5(d). For N = 4 superatom in Fig. 5(e), the existence of bulk 4
Zr atom make it difficult for its charge density (near Fermi level)
to gather in the middle part. The vertex d' Zr atoms are
energetically favorable as the charge centers, resulting in a strong
t, (t, > U) and the FM ground state.

4 Conclusions

Before closing, we would like to make some remarks on our work.
First, previous studies of superatomic materials mostly focus on
carbon-based systems like nanographene and its derivatives [56].
Recently, triangulene-based nanostructures with superatomic
AFM order have been synthesized and attracted tremendous
research interest [57,58]. To date, however, d-orbital-based
superatomic materials, especially those hosting intriguing
magnetic properties, have been rarely studied. Second, our
proposed superlattices have different origins of superatomic
magnetism. For carbon-based superatoms, their magnetism is
governed by Lieb’s theorem. For our d-orbital-based superatoms,
the magnetism is intrinsically from the magnetic atoms that
constitute them. Therefore, our work offers an attractive platform
for d-orbital-based magnetic superstructures.

In conclusion, by wusing first-principles calculations, we
demonstrated the realization of novel 2D magnetic states based on
superatomic lattices of zirconium dichloride. We found that the
spin charge centers formed into different equivalent magnetic
lattices in SL2, SL3, and SL4, including FM CT, AFM honeycomb,
and FM kagome lattices. The various magnetic lattices originate
from the geometric effect of superatomic lattices that each
superatom carries an integer superatomic spin with internal
distributions. By calculating the Chern numbers and electronic
band structures, we found SL2 and SL4 were Chern insulators
with C = 1, and SL3 was an AFM Dirac Mott insulator. To
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(b) Schematic diagram of the crystal field splitting for bulk Zr atoms (Ds;,) and boundary Zr atoms (C,, ). (¢) Schematic diagram of the FM ground state between two
N =2 superatoms. Here, U denotes the effective on-site repulsion, and S1 and S2 stand for superatom 1 and superatom 2, respectively. The gray boxes of S1/S2 show
the d orbital splitting due to intra-superatomic orbital hopping. The red box shows the superatomic perspective of the FM state, where S1 (S2) collectively carries a
magnetic moment of 1 yp. (d) Schematic diagram of the AFM ground state between two N = 3 superatoms. Notice the upper inset shows the effective charge center
locates at the middle part of S1 (S2), contributing to a weak ¢,. The bottom inset shows the simplified perspective of the superatomic AFM state, where the red (blue)
dotted lines link the hybridizations of superatomic up (down) spin channels. () Schematic diagram of the FM ground state between two N = 4 superatoms. The charge

centers are distributed around the boundaries of S1 (S2), contributing a strong ;.

highlight, we achieved not only the magnetic topological states but
also the strongly correlated Dirac Mott insulator in a single
material platform. Our work paves the way toward intriguing d-
orbital-based superatomic magnetism and sheds light on next-
generation of superatomic nanodevices.
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